INTRODUCTION
============

Deposits of graphitic carbon act as poisons of transition metal catalysts ([@R1]) due to their chemical inertness and physical blockage of the catalyst active sites ([@R2], [@R3]). How to avoid this poisoning has thus become an active field of research ([@R4], [@R5]), mostly under the controlled environment of single crystals in ultrahigh vacuum (UHV), which provides the ideal conditions to study the active part of heterogeneous catalysis ([@R6]--[@R8]). For this very reason, the study of graphitic carbon monolayers grown on different metallic substrates started well before the isolation of graphene ([@R9]--[@R11]).

Nowadays, there are well-established procedures to obtain high-quality large areas of graphene sheets epitaxially grown on transition metal surfaces, e.g., via catalytic cracking of carbon-containing gases or carbon segregation from the bulk ([@R11]--[@R13]). Experimental and theoretical work performed on these systems has shown that the interaction between graphene and the metallic substrate can be tuned by carefully choosing the metal, thus opening a way to tailor the properties of graphene. A similar control of graphene properties can be achieved through chemical functionalization. By selecting suitable molecules, one can engineer graphene bandgaps ([@R14]), control its doping level ([@R15]), or add magnetic functionalities ([@R16]).

Graphene monolayers can also be used to isolate molecules from the strongly interacting metallic substrates, thus preventing the formation of hybridized metal-molecule orbitals. Accordingly, the graphene-metal interface is an ideal playground to explore the mutual interaction between unperturbed organic molecules in two dimensions ([@R17]), to achieve the growth of three-dimensional molecular crystals ([@R18]), or to study unperturbed molecular orbitals ([@R19]). Furthermore, graphene can also favor charge transfer from the metal to the adsorbed molecules, leading to the formation of radical ions with chemical properties that are usually different from those of their gas phase counterparts.

In this work, we show that a nanostructured graphene monolayer epitaxially grown on Ru(0001) promotes a chemical reaction that would hardly take place under noncatalyzed conditions. The graphene layer promotes the reversible formation of a C--C bond between cyanomethylene groups (−CH~2~CN), fixed by covalent bonds at specific positions on the graphene surface, and 7,7,8,8-tetracyano-*p*-quinodimethane (TCNQ), physisorbed on the graphene and therefore able to diffuse at room temperature. Upon reaction, the resulting product has the cyanomethylene group on top of the TCNQ and pointing to the vacuum covalently bonded to one of the exocyclic alkenes of the TCNQ, while the TCNQ remains physisorbed on the surface. By means of low-temperature scanning tunneling microscopy (LT-STM)/spectroscopy (LT-STS) in UHV and density functional theory (DFT) calculations, we characterize the resulting TCNQ-CH~2~CN molecule. Single-molecule manipulation, using the STM tip to inject electrons in the lowest unoccupied molecular orbital (LUMO) of the TCNQ-CH~2~CN, results in the breaking of the C--C bond and the recovery of the reactants.

RESULTS AND DISCUSSION
======================

Graphene monolayers can be epitaxially grown on many single-crystal metal surfaces under UHV conditions. These monolayers protect highly reactive metallic surfaces from contaminants. Using the appropriate parameters (see Materials and methods), we make sure that the metallic surface is completely covered with a continuous graphene layer (see section S1) ([@R20]). Because of the difference in lattice parameters between the metallic substrates and graphene, a new super periodicity appears on the surface, the so-called moiré pattern. In this way, the graphene layers are naturally nanostructured with a periodicity of the order of 2 to 3 nm ([@R11]--[@R13]). This new periodicity modulates the registry between carbon and metal atoms ([@R20]--[@R22]) and, therefore, modulates the electronic properties of graphene (see section S1) ([@R23], [@R24]). Taking advantage of this fact, a graphene-Ruthenium (gr-Ru) surface has been functionalized with cyanomethylene groups with high yield and extreme spatial selectivity ([@R25], [@R26]). The functionalized surface presents a long-range spatial arrangement of cyanomethylene groups, −CH~2~CN, covalently bonded to the center of the hexagonal closed-packed (HCP)--top areas in the moiré unit cell (green triangles in [Fig. 1A](#F1){ref-type="fig"}) with a periodicity of 2.9 nm.

![CH~2~CN and TCNQ deposited on gr-Ru(0001) before and after the reaction.\
(**A**) STM image \[20 nm by 20 nm, sample bias voltage (*V*~b~) = +1.7 V, tunneling current (*I*~t~) = 10 pA\] showing the gr-Ru surface with all the HCP-top areas (blue triangle) functionalized with −CH~2~CN groups. White circle indicates a single −CH~2~CN. (**B**) STM image (12 nm by 12 nm, *V*~b~ = −0.8V, *I*~t~ = 25 pA) with TCNQ adsorbed on gr-Ru. Most of the TCNQ molecules are adsorbed in the so-called bridge positions. White circle indicates a single TCNQ. (**C**) STM image (27 nm by 15 nm, *V*~b~ = −1.5 V, *I*~t~ = 5 pA) showing the surface after the sequential deposition of −CH~2~CN groups followed by the TCNQ molecules at room temperature. All the TCNQ molecules present on the image have reacted with the −CH~2~CN groups. White circle indicates a reacted TCNQ. The inset shows an STM image (5.7 nm by 4.0 nm, *V*~b~ = −1.3V, *I*~t~ = 15 pA) with one pristine TCNQ molecule (top left) and a reacted one. The gr-Ru(0001) moiré pattern is visible in all the images. The blue (green) triangles highlight the HCP-top (FCC-top) parts of the moiré pattern. All images were measured at 4.8 K.](aau9366-F1){#F1}

TCNQ is an electron acceptor molecule that has been used to p dope graphene films ([@R27]). When deposited on gr-Ru, the preferred adsorption area is between two ripples, the so-called bridge position, with two nitrile groups over the face centered cubic (FCC)--top area and the other two over the HCP-top (see [Fig. 1B](#F1){ref-type="fig"}). LT-STM images and LT-STS maps show the spatial distribution of the molecular orbitals almost unperturbed ([@R16], [@R17]). This is possible because of the low density of states and low reactivity of graphene, which prevents the hybridization of the TCNQ molecular orbitals with the metallic electronic states from the substrate. In contrast, when TCNQ is deposited directly on clean Ru(0001), the molecules appear in the STM images as bright protrusions showing no detail inside the molecule (see section S2). Simultaneously, the graphene overlayer allows for an efficient charge transfer from the Ru surface to the electron acceptor TCNQ. The reduced TCNQ core loses the quinoid character in favor of aromatization, while the exocyclic bonds present a sizable lengthening to accommodate the extra charge and acquire a radicaloid character (see section S3). This unpaired electron provides the TCNQ gr-Ru system with long-range magnetic order ([@R16]). Considering these precedents, we decided to investigate the adsorption of TCNQ molecules over gr-Ru previously patterned covalently with −CH~2~CN groups.

The STM images measured at 4.8 K after deposition of TCNQ on gr-Ru previously patterned with cyanomethylene groups show an unexpectedly new scenario, as can be seen in [Fig. 1C](#F1){ref-type="fig"}. Almost all TCNQ molecules are modified, with one-half of the molecule unperturbed, preserving the intramolecular resolution obtained on pristine TCNQ, while in the other half, the intramolecular resolution is lost, and a bright protrusion is observed. The inset in [Fig. 1C](#F1){ref-type="fig"} shows a high-resolution image of one pristine TCNQ and one modified TCNQ, demonstrating that the loss of the intramolecular resolution is not due to the STM tip or the acquisition parameters. A notable feature in the STM images is the disappearance of the cyanomethylene substituents from the graphene surface: Before the deposition of TCNQ, the cyanomethylenes were chemically bonded to the HCP-top areas of the moiré pattern, as shown in [Fig. 1A](#F1){ref-type="fig"}, but after the deposition of the TCNQ molecules, the HCP-top areas are clean. Another interesting experimental fact is the strict order in the orientation of the modified TCNQ molecules: All of them are adsorbed on the bridge areas with the bright bump pointing toward the FCC-top areas (see [Fig. 1C](#F1){ref-type="fig"}).

To identify the structure of the modified TCNQs, we have performed two different sets of DFT calculations (see Materials and methods and the Supplementary Materials). First, we have determined the possible configurations resulting from the combination of cyanomethylene and TCNQ in the gas phase and their thermodynamic stability (see section S4). The most stable configuration of the TCNQ-CH~2~CN has the cyanomethylene group bonded to the C atom at the end of the exocyclic bond of the TCNQ (see [Fig. 2](#F2){ref-type="fig"}, A and B). As can be seen in [Fig. 2B](#F2){ref-type="fig"}, the TCNQ core of the product molecule is bent after the reaction because of the change in hybridization of the C atom bonded to the cyanomethylene.

![DFT-calculated geometries.\
(**A**) Top view and (**B**) side view of the resulting molecule in the gas phase calculation: The cyanomethylene group is bonded to one of the exocyclic alkenes of the TCNQ. (**C**) Top view of the most stable adsorption configuration on the gr-Ru(0001). The molecule is adsorbed on the bridge position with the cyanomethylene end pointing toward the FCC-top areas (FT) of the moiré pattern. (**D**) Lateral view of the most stable configuration. The cyanomethylene group is located on top of the TCNQ and points toward the vacuum. In (C) and (D), the total corrugation of graphene is \~120 pm.](aau9366-F2){#F2}

Starting from the structure obtained in the gas phase ([Fig. 2](#F2){ref-type="fig"}, A and B), we have investigated the adsorption configuration and the corresponding adsorption energy of the TCNQ-CH~2~CN on the gr-Ru surface. In these DFT calculations, we have explicitly included the ruthenium substrate, the graphene monolayer, and the TCNQ-CH~2~CN molecules. The simulated gr-Ru substrate accounts for the observed moiré pattern and provides an accurate representation of the geometry and electronic properties of this surface ([@R21]--[@R24]).

[Figure 2](#F2){ref-type="fig"} (C and D) shows the lowest energy configuration for the adsorption of the TCNQ-CH~2~CN molecule on gr-Ru. As in the case of pristine TCNQ molecules ([@R16], [@R28]), the new molecule is adsorbed on a bridge position. The asymmetry of the TCNQ-CH~2~CN introduces a new coordinate to describe the adsorption geometry. The end of the TCNQ bonded to the cyanomethylene group points toward the FCC-top areas, in perfect agreement with the experimental data (see [Fig. 1C](#F1){ref-type="fig"} and section S5). The proposed molecular structure of the TCNQ-CH~2~CN is further supported by the excellent agreement between the measured ([Fig. 3](#F3){ref-type="fig"}, A and B) and calculated ([Fig. 3](#F3){ref-type="fig"}, C and D) STM images. To check the stability and resolution of the STM tip, the experimental images show a region containing an unreacted TCNQ.

![STM images for positive and negative bias voltages.\
(**A**) STM image (6 nm by 8 nm) of two TCNQ-CH~2~CN molecules and one TCNQ on gr-Ru for negative bias voltage (*V*~b~ = −1.7 V, *I*~t~ = 5 pA). Total corrugation in the image is 240 pm. (**B**) STM image (6 nm by 8 nm) of the same area of the sample shown in (A) acquired at positive bias voltage (*V*~b~ = +1.1V, *I*~t~ = 5 pA). Total corrugation in the image is 186 pm. (**C** and **D**) Simulated STM image of a TCNQ-CH~2~CN on gr-Ru for (C) negative bias (*V*~b~= −1.7 V, *I*~t~ = 5 pA) and (D) positive bias voltage (*V*~b~ = +1.1 V, *I*~t~ = 5 pA); the origin of the *z* scale is set on the *z* coordinate of the C atoms in the low region of the graphene moiré. The dashed black line rhombus in all the images indicates the moiré unit cell for gr-Ru.](aau9366-F3){#F3}

All the above suggests that, after the chemical reaction, the cyanomethylene group, now detached from graphene, surfs the substrate on top of the TCNQ, with the latter dictating the final adsorption configuration. Our DFT calculations predict an adsorption energy of 3.1 eV (71.5 kcal mol^−1^) for the most stable configuration shown in [Fig. 2](#F2){ref-type="fig"} (C and D). Differences in adsorption energies between different configurations are as large as \~0.2 eV (4.6 kcal mol^−1^), explaining why we exclusively find one adsorption configuration experimentally (see section S5). In the most stable configuration, the shortest distance between the TCNQ-CH~2~CN and the graphene atoms is of the order of 3 Å, confirming that the molecule is physisorbed on the surface. The calculations also show that the charge transfer from the surface to the TCNQ-CH~2~CN amounts to \~0.86 electrons, very similar to the charge transferred from the substrate to the pristine TCNQ ([@R16], [@R29]).

It is worth stressing the important role of the surface, and of graphene particularly, in catalyzing the formation of the TCNQ-CH~2~CN molecule (see section S6). The reaction of TCNQ with CH~3~CN (the pristine reactants in the gas phase) leading to the TCNQ-CH~2~CN molecule plus the loss of a hydrogen atom is very unlikely: The calculated energy barrier is \~5 eV (\~114 kcal mol^−1^). In contrast, as shown by the results of a simple model in which ruthenium atoms are ignored and the graphene layer is reduced to a few carbon atoms (see section S6 for details), the presence of the graphene layer reduces the energy barrier by a factor of 5, thus favoring the formation of the products. A similarly clean reaction is not possible on pristine Ru(0001) because on the one hand, the very reactive character of Ru leads to the adsorption of CH~3~CN, −CH~2~CN, and possibly other chemical species during the functionalization with −CH~2~CN. And on the other hand, the reactivity hinders the mobility of TCNQ molecules once adsorbed on the Ru(0001) surface (see section S2). In turn, the Ru substrate locally modifies the chemical properties of the graphene layer, favoring the adsorption of −CH~2~CN on the HCP-top areas. Such a selectivity would be difficult to obtain by using conventional carbon.

The nanostructured epitaxial graphene monolayer promotes the reaction in a threefold way: First, it holds the −CH~2~CN groups in place and makes them reactive toward TCNQ by acting as a good leaving group; second, it allows for an efficient charge transfer from the ruthenium substrate, which thus acts as an electron reservoir during the chemical reaction; and last, it prevents the chemical reaction between the TCNQ and the Ru(0001) surface and allows the TCNQ to diffuse on the surface at room temperature (see section S2).

To investigate the consequences of this new chemical reaction on the electronic structure of the molecules, we performed spatially resolved *dI*/*dV* spectra in an area of the surface where pristine TCNQs and TCNQ-CH~2~CN coexist. [Figure 4](#F4){ref-type="fig"} shows the *dI*/*dV* curves measured at 4.8 K on the individual TCNQ (blue trace) that appears in the image shown in the inset (blue circle). On the basis of previous results ([@R16], [@R28], [@R29]), the features in the spectrum can be assigned to the TCNQ molecular orbitals. The peak at −1.6 V corresponds to the highest occupied molecular orbital (HOMO), populated with two electrons. Because of the charge transfer from the substrate, the parent LUMO of the TCNQ is now populated with one electron, and therefore one of the spin components appears below the Fermi level (around −0.9 V), now called singly occupied molecular orbital (SOMO). The other (unoccupied) spin component of the parent LUMO appears above the Fermi level (+1.0 V) and is called singly unoccupied molecular orbital (SUMO) ([@R16], [@R28], [@R29]). The *dI*/*dV* curve measured in the nearby TCNQ-CH~2~CN (red trace and circle in Fig. 4) shows two peaks below the Fermi level, one at −1.8 V and the other at −1.2 V, and, between them, an energy region showing negative differential conductance (see also section S7). Above the Fermi level (up to +1.0 V), a steady increase of the signal is observed. These remarkable differences in the electronic structure are a direct indication of a change in the covalent structure of TCNQ after the reaction with the −CH~2~CN groups.

![TCNQ and TCNQ-CH~2~CN molecular orbitals.\
STS spectra measured in the TCNQ molecule (blue circle and trace) and TCNQ-CH~2~CN (red circle and trace). Both spectra have been measured at 4.8 K with a lock-in technique using a peak-to-peak modulation of 90 mV. The inset shows an STM image (8 nm by 3 nm, *V*~b~ = −2.2 V, *I*~t~ = 20 pA) with the corresponding TCNQ and TCNQ-CH~2~CN on gr-Ru. arb. units, arbitrary units.](aau9366-F4){#F4}

From our DFT calculations (see sections S8 and S9 for details), we can identify the origin of the peaks observed in the *dI*/*dV* spectra measured on the TCNQ-CH~2~CN. The calculated projected density of states (pDOS) shows the presence of two peaks below and one peak above the Fermi level in an energy window of ±3 eV. From the comparison between the pDOS and the gas phase calculations, the *dI*/*dV* peak at lower energy (−1.8 V) can be attributed to the HOMO−1 orbital of the original TCNQ molecule. The other peak below the Fermi level, appearing at −1.2 V, can be associated with the former LUMO of TCNQ. After the reaction, two electrons occupy this molecular orbital, reflecting the formation of a new covalent bond (see section S9). This electronic state appears below the Fermi level and is the HOMO of the TCNQ-CH~2~CN. According to the calculations, the LUMO of the TCNQ-CH~2~CN appears at energies above +2.5 eV, explaining why it is not observed experimentally.

It is known that injection of electrons with an STM into unoccupied molecular orbitals may induce molecular motion ([@R30]), isomerization ([@R31]), or selective bond breaking ([@R32]). We analyze now what happens when electrons are injected into the TCNQ-CH~2~CN. [Figure 5A](#F5){ref-type="fig"} shows an STM image obtained by using a bias voltage of +1.7 V and a tunneling current of 10 pA. In the image, one can observe four unreacted cyanomethylene groups, chemically attached to the HCP-top areas of the graphene surface, and four TCNQ-CH~2~CN molecules. The blurry appearance of the latter indicates that, under these conditions, the TCNQ-CH~2~CN molecules move slightly around the adsorption position during the topographic image acquisition. In [Fig. 5B](#F5){ref-type="fig"}, we show the STM topography, acquired with the same conditions on the same area, immediately after manipulating individually the four TCNQ-CH~2~CN by positioning the STM tip on top of each one of them and setting the bias voltage to +2.0 V (see also section S10). The new topography shows that the former four TCNQ-CH~2~CN molecules now look as pristine TCNQ, and three new −CH~2~CN groups are visible in the image (blue circles). It is worth noticing that the shape of the new −CH~2~CN groups is slightly different from that of the −CH~2~CN groups adsorbed on the HCP-top region (also compare with [Fig. 1A](#F1){ref-type="fig"}) because of their bonding to a different adsorption site. This is possible because the experimental manipulation is carried out at 4.6 K, and hence, the −CH~2~CN radicals do not have enough energy to explore the surface and reach the HCP-top adsorption site where the adsorption energy is maximum ([@R25], [@R26]). On the basis of the calculated pDOS, we can rationalize the manipulation process in the following way: Because of the high positive bias voltage (\>+1.7 V), the tunneling electrons are injected into the tail of the LUMO of the TCNQ-CH~2~CN. Since this is an antibonding orbital, the electrons induce the breaking of the C--C chemical bond, thus leading to the recovery of the initial reactants, CH~2~CN-graphene and physisorbed TCNQ. As demonstrated in section S10, this manipulation process is reproducible and can be efficiently used to reverse the reaction at the single-molecule level.

![Single molecule--induced dissociation.\
(**A**) STM image (8 nm by 8 nm) of four TCNQ-CH~2~CN molecules on gr-Ru. There are also four −CH~2~CN groups attached to the gr-Ru (*V*~b~ = +1.7 V, *I*~t~ = 10 pA). (**B**) STM image (8 nm by 8 nm) of the same area of the sample shown in (A), acquired with the same tunneling conditions after the single-molecule manipulation process discussed in the text. Four pristine TCNQ molecules can be observed in the image. The blue circles indicate the new −CH~2~CN groups on the surface that appear after the C--C bond breaking induced by the injection of electrons in the LUMO of TCNQ-CH~2~CN.](aau9366-F5){#F5}

According to our DFT calculations, a consequence of the chemical reaction between TCNQ and the cyanomethylene groups is the different occupancy of the molecular orbitals in the TCNQ-CH~2~CN compared with pristine TCNQ (see also section S9). To investigate it, we resort to the appearance of a Kondo resonance in the STS data. The Kondo effect reflects the screening of the spin of magnetic impurities by the conduction electrons of nonmagnetic metals that results in a many-body ground state below the Kondo temperature, *T*~K~ ([@R33]). Consequently, a sharp feature is observed at the Fermi level in the LT-STS spectra recorded on top of magnetic impurities ([@R34]). A sharp peak appears if the magnetic impurity is weakly coupled to the substrate, as often occurs for adsorbed molecules with a magnetic moment ([@R35]).

[Figure 6A](#F6){ref-type="fig"} shows the *dI*/*dV* spectra measured on a dimer formed by H bonding between a TCNQ and a TCNQ-CH~2~CN adsorbed on a bridge position ([@R16]). The spectrum measured with the STM tip held on top of the cyano group of the TCNQ molecule (in red) shows the Kondo resonance as expected from our previous results ([@R16], [@R28]). In sharp contrast, the *dI*/*dV* spectrum measured in one of the pristine cyano groups of the TCNQ moiety in the TCNQ-CH~2~CN is featureless (blue curve). This is the consequence of the double occupancy of the corresponding molecular orbitals. The neutral molecule in the gas phase has an odd number of electrons, but the singlet spin state is recovered thanks to the extra electron transferred from the gr-Ru to the molecule, which results in the final double occupancy of all the molecular orbitals below *E*~F~ (see section S9). Taking advantage of the reversibility of the covalent reaction, using the manipulation process described above, we removed the cyanomethylene group from the TCNQ-CH~2~CN. The inset in [Fig. 6B](#F6){ref-type="fig"} shows that the dimer, now formed by two TCNQs, is still adsorbed on the bridge position. The corresponding *dI*/*dV* spectra measured on one of the cyano groups of each TCNQ present a sharp peak at the Fermi level, implying that the reversibility of the chemical reaction can be thought of as an "on/off" switch for the Kondo effect.

![Switching on the Kondo effect.\
LT (4.8 K) *dI*/*dV* spectra measured on the two molecules forming the dimer shown in the insets (STM images, 2.0 nm by 2.4 nm; *V*~b~ = −0.1V, *I*~t~ = 20 pA). (**A**) TCNQ and TCNQ-CH~2~CN. (**B**) Two TCNQ molecules (spectra were recorded at the positions marked by the corresponding colored dots).](aau9366-F6){#F6}

In conclusion, we have shown how graphene promotes the reversible formation of a C--C bond between −CH~2~CN and TCNQ through three effects. First, it allows for an efficient charge transfer between the ruthenium substrate and the reactants, thus favoring changes in carbon hybridization; second, it holds the −CH~2~CN reactants in place and allows the reduced TCNQ to diffuse freely on the surface; and last, it avoids the reaction between the TCNQ and the Ru(0001) surface. The product of the reaction is a contorted TCNQ-CH~2~CN conjugate, which, when adsorbed on gr-Ru, does not present a magnetic moment. The reaction is fully reversible by injection of electrons from the STM tip at voltages \>+1.7 eV, upon which both reagents are recovered. One can think of TCNQ as a chemical "mop" with which the −CH~2~CN addends can be removed from the graphene surface, a cleaning operation that is otherwise impossible without decomposition of the graphene layer, even at temperatures as high as 600 K ([@R25], [@R26]). On the other hand, the TCNQ/TCNQ-CH~2~CN pair can be viewed as a reversible magnetic switch controlled by a chemical reaction. We will explore both possible applications in the near future.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

The graphene layer was prepared by keeping the Ru crystal at 1150 K in UHV while exposing it to an ethylene partial pressure of 1 × 10^−7^ mbar for 3 min. Acetonitrile was introduced in the UHV chamber via a leak valve to produce a partial pressure of 1 × 10^−6^ torr during 12 min with the sample held at 374 K. TCNQ molecules were evaporated from a quartz crucible heated at 350 K with the sample held at room temperature with a deposition rate of one layer every 4 min.

STM experiments
---------------

All experiments were performed in a UHV chamber with a base pressure of 5 × 10^−11^ mbar equipped with an LT-STM and facilities for tip and sample preparation. The clean W tips were prepared by Ar^+^ sputtering (2.5 keV) in UHV for 45 min and then heated up by resistive heating ([@R36]). All the STM/STS data were measured with both tip and sample at 4.8 K.

DFT calculations
----------------

The final geometry configuration and the barrier energy for the reaction in the gas phase were obtained at the MP2/6-311++G(d,p), DFT-B3LYP/6-31++G(d,p), and B3LYP/6-31G(d) theory level, respectively. These calculations have been carried out using the Quantum Chemistry package Gaussian (see the Supplementary Materials for more details). In the geometry optimization, a full relaxation of all the coordinates was carried out without imposing any condition on the symmetry of the molecule.

DFT-based adsorption studies of the TCNQ-CH~2~CN molecule on gr-Ru(0001) were carried out using the Projector Augmented Wave (PAW) method as implemented in the Vienna Ab initio Simulation Package code ([@R37]), and we applied the Perdew-Burke-Ernzerhof exchange correlation functional, whereas weak dispersion forces were taken into account using the Tkatchenko-Scheffler method ([@R38]). The gr-Ru(0001) interface was modeled by a (11 × 11) graphene unit cell adsorbed on a three-layer-thick (10 × 10) Ru unit cell. In all periodic calculations, the Brillouin zone sampling was limited to the Γ point, and a strict 10^−5^--eV convergence criterion was set for the self-consistent runs. The moiré pattern was obtained by a geometry optimization in which we optimized all the coordinates of the graphene atoms and of the topmost Ru layer until the maximum force acting on the active atoms was less than 0.01 eV/Å. The final adsorption configuration of the molecule was obtained by fully relaxing the coordinates of all the molecule and graphene atoms. The charge transfer from the substrate to the molecule was obtained by using the partitioning methods of atoms in molecules first introduced by Bader ([@R39]). The simulated STM images have been calculated using the Tersoff-Hamann approach ([@R40]), integrating the electron density in an energy window going from the Fermi energy to *E*~b~ = *e*\**V*~b~ and calculating the isosurface (Isov), which corresponds to a given value of the tunneling current (*I*~t~) as given by the relation Isov (Å^−3^) = 2 × 10^−4^ √*I*~t~ (nA).
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